The inhibition of stem elongation in dark-grown seedlings by blue Light was studied with marking techniques and with a high-resolution, growthmeasuring apparatus. Blue light rapidly suppresses growth in a variety of cultivated species. In some species, the inhibition persists only during the period of irradiation, after which time growth quickly returns to the high dark rate, whereas, in other species, the light response has an additional long-term component which lasts for at least several hours in the dark. The long-term inhibition may be mediated by phytochrome, whereas the rapid, short-term component is specific to a blue-light receptor.
Light strongly inhibits stem elongation in higher plants. Although many studies have shown that phytochrome mediates a significant part of this response to light (17, 20, 21, 28, 29) , there are several lines of evidence indicating the involvement of a bluelight receptor, distinct from phytochrome, in the control of stem growth (10, 14, 26, 27) . Meijer (19) has shown that blue irradiation rapidly inhibits the growth of etiolated cucumber seedlings, whereas, red and far-red irradiations only slowly affect growth after a lag of 60 min. Similarly, Gaba and Black (10) found a difference in the timing of blue and red inhibition in light-grown cucumber. Such findings are compelling evidence for the action of a distinct blue-light photoreceptor in the light-growth responses of cucumber. In contrast, with continuous and end-of-day irradiation experiments, Wildermann et al. (29) found no indication of the involvement of a blue-light photoreceptor in the control of Sinapis hypocotyl growth. Although coarse-resolution measurements suggest that a rapid response to blue light may also occur in other species (14, 27) , high-resolution measurements have been 'This research was supported by National Science Foundation Grant PCM 78-03244 to Dr. Paul Green.
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Besides the question of what photoreceptor mediates lightgrowth responses, the suppression of growth by blue light is of particular interest (because of its short lag and rapid kinetics) for an understanding of the mechanism and control of plant growth.
Chemical agents such as auxins, gibberellins, and metabolic inhibitors have been used extensively for studies on the process of cell enlargement (6, 12, 18, 23) . Precise control of the duration and concentration of the application of such agents for high-resolution kinetic studies of growth is technically limited by problems of uncertain uptake and slow diffusion of the chemical into and out of the tissue. Light, which does not have these disadvantages, might be a very useful probe for investigation of plant growth.
The experiments reported herein were conducted with three goals in mind: (a) to determine if the rapid growth inhibition by blue light is unique to cucumber or common to other species: (b) to investigate in detail the timing, location, and other characteristics of the rapid inhibition; and (c) 
RESULTS
Occurrence and Pattern in Blue-light Responses. The possible existence of a rapid growth response to blue irradiation was tested in a variety of species by continuous, high-resolution measurements of the rate of elongation of the stem. Table I summarizes the results of the survey, showing that the rapid inhibition by blue light occurs in a variety ofplants and that two patterns of response could be discerned. The simplest response pattern (Fig. 3A) consists of a rapid decrease of the growth rate (after a lag of 20 to 240 s, depending on species), with a full recovery of the previous rate upon return to the dark. No subsequent decrease in the growth rate is seen, even when growth is monitored for several hours after the light treatment. However, because of the variability of the dark growth rate of seedlings, this technique would not detect a small (10 to 15%) reduction in the growth rate. The second response pattern (Fig. 3B ) consists of both a rapid decrease in the growth rate and a long-term inhibition of growth in the dark, lasting for at least several hours after the light treatment. Alaska pea consistently showed a transient recovery of the growth rate, often exceeding the previous dark rate by 50 to 60%o, before subsequently decreasing to a lower rate (Fig. 3B ). In contrast, Hiderma pea showed no transient recovery whatsoever following return to the dark. Thus, although the rapid growth inhibition by bluelight was found in a variety of plants, only some of these species showed a prolonged inhibition in the dark (TableI).
Only bluelight was effective in inducing the rapid growth inhibition in both cucumber (Burpee's Pickler) and in pea (Alaska); green, red, and far-red irradiations were ineffective. In About 30 to 40 min after the start of red irradiation, the growth rate began a decline which continued in the dark for several hours (Fig. 4) . A curious feature of thelight-growth response in pea is brought out (Fig. 4) : when thelight is turned off, there is a very rapid, temporary drop in therate, followed by an overshoot in the Response Kinetics. The typical response of cucumber to 15 to 30 min blue irradiation consists of a very fast drop in the growth rate when the light is first turned on, followed by a much slower decline (Fig. 3A) . Consistently, there is a transient plateau or even short recovery before the growth rate begins the second, more gradual decline. Upon return to the dark, there is a recovery to the dark rate, often with oscillations. A closer examination of the initial decrease in the growth rate shows it to consist of a short lag period followed by a smooth decline to the transient plateau level (Fig. 6A) . The dose-response data thus represent a measure of this plateau as a function of fluence rate.
The decline of the growth rate to the lower value has the appearance of an exponential approach to an asymptote. This exponential character is verified in Figure 6B where the logarithmically transformed data fall along a straight line. If just a short light pulse (10 to 20 s) is given, the rate goes through the complete exponential decay and then recovers over a 20-to 30-min period. In such cases, the light response (exclusive of recovery) can be neatly and fully characterized by three parameters: the lag time before onset of inhibition, the half-time (or time constant) of the exponential decline in rate, and the lower rate (asymptote) eventually attained. In cucumber, the lag lasts 20 to 30 s and the halftime is about 15 to 25 s.
A similar analysis of the blue-light response in sunflower (cv. Black Russian) (data not shown) also shows it to consist of a short lag followed by an exponential decay of the rate. Sunflower has a slower response than cucumber, with a lag of 60 to 70 s and a half-time of about 90 to 150 s.
Sites of Light Perception and Response. In the experiments above, there was no way to determine where along the length of the hypocotyl the growth that had been measured with the dis- placement transducer had occurred. The whole plant was irradiated and only the total growth of the hypocotyl was measured. Two questions of interest were: In what part of the plant was the photoreceptor located and which region of the hypocotyl was inhibited by light?
The first question was answered by covering either the growing region ofthe hypocotyl or the upper portion ofthe plant, consisting of the hook and cotyledons, with an opaque covering, and then irradiating with blue light. It is clear from the results (Fig. 7) that, in cucumber, the growing region itself perceives the blue light, rather than the hook or cotyledons perceiving the light and transmitting a stimulus to the hypocotyl.
The second question was answered by marking the hypocotyl at 1.4-mm intervals, letting the plants grow in the dark or in light, and measuring the displacement of the marks from each other at the end of 6 h. From these data the distribution of growth along the hypocotyl axis was calculated. The results (Fig. 8) show that blue light evenly inhibits all parts of the growing region below the hook.
Response in Excised Sections. Several attempts were made to evoke the blue-light response in excised cucumber hypocotyls, since such a system would be particularly advantageous for physiological studies on growth. However, despite the fact that blue light is perceived by the hypocotyl and so quickly suppresses hypocotyl growth in the intact plant, excised hypocotyls are much less responsive to light. Table II shows the growth of cucumber hypocotyls under various experimental conditions. Clearly, excised portions of the plant grow at a much slower rate than similar portions on an intact plant. Hypocotyl segments barely extend at all, whereas segments which are still attached to the cotyledons elongate at less than one-half of the rate of similar intact pieces. The light responsiveness of such segments is also greatly diminished in both absolute and relative magnitude: the growth of excised segments on water is so slow that any growth response is difficult to measure, whereas those with cotyledons grow at a rate of about 1 mm h-' in the dark, of which only 20% is inhibited by blue light, compared to 80% in whole plants. Hypocotyl segments can be stimulated to grow by addition of IAA and sucrose, but this stimulated growth is not inhibited by blue light. In fact, contrary to the condition in whole plants, such segments with or without cotyledons grow faster in the light than in the dark (Table II) . This contrary effect of light on the growth of excised segments appears only at the higher concentrations of IAA (Fig. 9) . The threshold concentration for growth stimulation by IAA is the same in both dark and irradiated sections, indicating that the affinity ofthe IAA-receptor is unchanged. Note that, even at the highest concentration tested, the growth rate of the excised segments is still only one-half of the rate in the intact plant and that the light-growth response is of the same (small) magnitude throughout most of the concentration range.
DISCUSSION
The results of these experiments show that the rapid growth inhibition by blue light, first reported by Meijer (19) , is not unique to cucumber but also occurs in a variety of other species. They also show that, in some plants, a short pulse (10 s to 5 min) of blue light evokes only a rapid inhibition of growth which is fully reversible, whereas in other plants it evokes both the rapid growth inhibition and a more prolonged inhibitory response. Although phytochrome absorbs light in the blue region, the rapid growth inhibition is clearly mediated by a photoreceptor other than phytochrome, since red and far-red irradiations are ineffective in inducing the rapid response. This evidence, however, does not exclude a possible concomitant role for phytochrome in the growth response; it only argues that phytochrome alone cannot mediate the rapid response and that a specific blue-light photoreceptor must be involved. Experiments with simultaneous irradiations of blue and far-red light would be necessary to resolve this question of the possible extent of phytochrome involvement in the rapid response. The prolonged inhibition observed in some species, on the other hand, may well be mediated via a blue-light effect on the photostationary state of phytochrome because red light gives a similar time course of inhibition. More work is needed to confirm this aspect of the blue-light response. It is notable that some varieties of cucumber totally lack the long-term inhibition, whereas others have a pronounced secondary inhibition. Meijer (19) studied a cucumber variety with a pronounced long-term inhibition, whereas Gaba and Black (10) apparently used a variety without a long-term inhibition. Such differences in the degree of the prolonged inhibition must be an important aspect of the differential sensitivity among species for blue-and red-light inhibition noted by Thomas and Dickinson (29) . It is likely that a rapid (nonphytochrome) response of the type characterized here could easily be masked by a superimposed phytochrome effect, particularly when only long-term measurements of growth are made, as in the experiments of Wildermann el al. (29) .
Whether the blue-light photoreceptor which mediates this rapid growth response is the same as that which mediates phototropism is still unresolved. Comparisons between the two blue-light responses are hampered by the lack of information on the characteristics of phototropism in dicots. However, the rapid growth inhibition by blue light studied here differs in several respects from the phototropic response extensively studied in oat and corn coleoptiles. First, the timing of the two responses is very different. Phototropic bending in coleoptiles begins only about 25 min after the start of irradiation (7), whereas the growth inhibition in cucumber and sunflower seedlings is nearly fully reversed by this time. Second, the minimum light dose for any significant growth inhibition in cucumber falls well into the second positive region for phototropism (8, 25) and smaller doses are ineffective. Third, one can demonstrate a spatial separation between the light-sensitive and the response zones for coleoptile phototropism, but no such separation exists for the rapid growth response to blue light in cucumber hypocotyls.
In these last two characteristics, the rapid blue-light growth response is similar to the so-called base response observed in oatcoleoptile phototropism (7, 11) . According to the view of Curry (7), the base response is induced only when the whole coleoptile (not just the tip) is asymmetrically irradiated with a high dose of blue light (in the second positive region), and the resulting curvature does not propagate but develops at the same time along the length of the organ. This view of the base response is similar to the old idea of Blaauw (2) that phototropic bending is due to a stronger light-growth reaction on the illuminated side of the organ than on the dark side and, at first glance, the rapid blue-light response seems to be a good candidate for such a mechanism of phototropism. More recently, however, Blaauw and Blaauw-Jansen (3) have maintained that the distinction between the tip and the base responses is an artifact of uncontrolled red-light effects. Furthermore, the rapid growth inhibition by blue-light in cucumber did not cause curvature of the hypocotyl. Even in cases where the seedling was irradiated from one side only (that is, when the mirror opposite the light source was removed) and the plant's growth rate dropped to half of the dark rate, no bending of the hypocotyl occurred. Thus, the rapid growth response to blue light seems to be distinct from the phototropic system.
The results of the shading experiments show that the photoreceptor for the rapid inhibition in etiolated cucumber is located in the growing region of the hypocotyl. With more long-term measurements of growth in radish and in light-grown cucumber, Jose (14) and Black and Shuttleworth (4) have concluded that blue light acts directly on the growing hypocotyl, although their measuring technique could not adequately resolve whether this conclusion applied only to the long-term light response or to the very rapid response as well. In contrast, the site of red-light perception is often different from the growing region. For example, red light is perceived by the hook in radish (14) , by the cotyledons in lightgrown cucumber (4) , and by the coleoptile tip in rice (9) , but the response in each of these cases occurs in the more basal growing regions. This difference in the site of perception and the site of response in red-light inhibition implicates the transmission of a stimulus or hormone of some kind. Indeed, red-light inhibition of growth is often associated with, and perhaps mediated by, changes in the auxin and gibberellin systems (5, 9, 16, 24) .
In contrast, the rapidity of the blue-light response precludes its The rapid blue-light growth response characterized here offers a potentially useful probe for studying the mechanism of cell enlargement and its control. It is easier to control the duration and intensity of light than it is to control the application of chemical substances, such as hormones, fusicoccin, and metabolic inhibitors, which take time to diffuse into and out of the tissue. Furthermore, the response of cucumber and sunflower to light has both simpler kinetics and a shorter lag than for the responses to other agents. Unfortunately for such studies, excised hypocotyls lose much of their sensitivity to light, so that whole plants must be used in the experiments. Although a similar loss of light sensitivity and even reversal of the sign of the response upon excision have been observed in other plant systems (13, 15, 21, 30) , the reason for this major difference in the growth of intact and excised tissues in still unknown.
The short lag and the rapid kinetics of the blue-light growth response in cucumber and in other plants suggest that the bluelight photoreceptor acts directly on one or more steps in the process leading to cell enlargement. Such action must involve either the alteration of the (biochemical) process which loosens the cell wall or a reduction in the turgor pressure of the cell (or both). In another paper (manuscript in preparation), I will present evidence that blue light inhibits growth by modifying the yielding properties of the cell walls.
